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ABSTRACT Mouse embryonal carcinoma cells are refractory to infection by wild-type polyoma virus, the infection process apparently being blocked at a stage after adsorption and penetration but before early protein synthesis. Polyoma virus mutants capable of productive infection of mouse embryonal carcinoma cells have been isolated and these mutants all have DNA sequence alterations in a noncoding region near the origin of replication of the viral genome. PyF101 and PyF441 are two mutants selected for their ability to infect the embryonal carcinoma cell line F9. Here we show that these PyF mutants do not rescue replication of wildtype polyoma during a mixed infection of F9 cells. The mutant and wild-type DNAs were distinguished on the basis ofrestriction fragments obtained by digestion with Msp I or BstNI, and no wild-type DNA was detected in F9 cells coinfected with wild-type polyoma and with either PyF1O0 or PyF441. The mutant viruses do not appear to inhibit wild-type replication during a mixed infection because both mutant and wild-type DNAs can replicate efficiently in coinfected 3T6 cells which are permissive for both mutant and wild-type viruses. A double mutant having the PyFlO0 mutation and the ts-25E temperature-sensitive mutation in polyoma large tumor antigen was constructed and found to be temperature-sensitive for replication in F9 (6) , whereas that present in polyomainfected F9 cells has been reported to be predominantly spliced (7) . Viral T antigens have never been detected in SV40-or polyoma-infected EC cells. Thus, it appears that EC cells are defective for papovavirus development at a stage preceding early protein synthesis, possibly at the level of initiation ofearly transcription or of early RNA splicing.
Recently, we (8) and others (9-12) have isolated mutants of polyoma virus capable of productive infection of EC cells. All of these mutants have DNA sequence alterations within a noncoding region of the polyoma genome near and to the late side of the postulated origin of DNA replication (13, 14) . The DNA sequence alterations range from a point mutation (8) to extensive rearrangements with deletions, duplications, and translocations (10) . The polyoma mutants PyF441 and PyF101 were selected by their ability to infect F9 cells (8) . PyF441 is a point mutant having an A-T-to-G-C transition at 69.6 map units. In addition to this point mutation, the PyF101 mutant DNA contains a tandem duplication of 54 base pairs (bp) of sequences encompassing the point mutation with both copies of the duplication having the point mutation. We now report that these PyF mutants cannot rescue wild-type polyoma virus in F9 cells coinfected with mutant and wild-type viruses. This cis-acting effect appears to be at the level of viral DNA replication and is not due to the inability of polyoma large T antigen to complement in trans in F9 cells.
MATERIALS AND METHODS
Cell Culture and Virus Infection. Details for cell culture and virus infection of the mouse EC cell line F9 (15) and of mouse 3T6 cells have been described (8) . The wild-type polyoma virus used in these studies is the large-plaque strain 3 whose DNA sequence has been determined (16) . The polyoma mutants PyF101 and PyF441 that productively infect F9 cells were described in a previous paper (8) . All virus stocks were prepared by low-multiplicity infection of 3T6 cells.
Isolation of Viral DNA. Low molecular weight DNA was isolated from infected cultures by the procedure of Hirt (17) . The Hirt supernatant was treated with proteinase K followed by RNase A as described by Favaloro et al. (18) . Where specified, supercoiled polyoma DNA was purified by equilibrium centrifugation in CsCl with ethidium bromide (19) .
Restriction Endonucleases and Gel Electrophoresis. All restriction endonucleases were purchased from New England BioLabs and used under conditions specified by the supplier. The one exception was BstNI, which was used at 30°C rather Abbreviations: SV40, simian virus 40; EC, embryonal carcinoma; T antigen, tumor antigen; bp, base pairs(s); moi, multiplicity of infection; pfu, plaque-forming units.
The publication costs ofthis article were defrayed in part by page charge payment. This article must therefore be hereby marked "advertisement" in accordance with 18 U. S. C. §1734 solely to indicate this fact. 1479 than at 60'C. The lower temperature was required to obtain complete digestion at the two adjacent BstNI (EcoRII) sites at 69.6 map units of PyF mutant DNAs. Electrophoresis of DNA fragments was performed in 1.4% agarose or 7.5% acrylamide (acrylamide/bisacrylamide, 20/1) gels with Tris acetate buffer (20) as described (8) . Preparative purification of DNA fragments from agarose gels by using KI and hydroxyagatite was as described (8) . Fluorography of gels containing H-labeled DNA was performed by impregnating the gels with EN3HANCE (New England Nuclear) and then exposing the dried gel against preflashed Kodak X-Omat AR film at -700C. Blot Hybridization. DNA fragments in agarose gels were blotted onto nitrocellulose filters by the Southern procedure (21). Blots were hybridized to "2I-labeled wild-type polyoma DNA (=z2 X 106 cpm/,ug) as described (7). Washed blots were exposed at -70'C against preflashed Kodak X-Omat AR film with a Du Pont Cronex Hi-Plus intensification screen.
[3H]Thymidine Labeling of Infected Cells. F9 cells, plated 24 hr previously at 5 x 105 cells per 10-cm dish, were infected with the viruses specified and cultured at 37C in Dulbecco's modified Eagle's medium containing antibiotics (50 units of penicillin and 50 ,ug of streptomycin per ml) and 5% horse serum. The total multiplicity of infection (moi) was 50 plaqueforming units (pfu) per cell; for mixed infections, the moi for each virus was 25 pfu per cell. Thirty-nine hours after infection, each culture was incubated with 5 ml of medium containing 2.5% horse serum and 50 pACi of [3H]thymidine (ICN; 73.5 Ci/ mmol; lCi = 3.7 X 1010 becquerels). Supercoiled DNA was purified as described above from the infected culture at 45 hr after infection. Labeling of infected 3T6 cells was identical except that cells were initially plated at 1 x 106 cells per 10-cm dish, calf serum was used in place of horse serum, and the total moi was 25 pfu per cell.
Construction of PyFts-l Double Mutant. A seed stock ofthe polyoma tsA mutant ts-25E (22) was obtained from W. Eckhart. The mutant was plaque-purified and propagated on 3T6 cells at the permissive temperature of 32°C. The purified form I DNAs of PyF101 and ts-25E (22) were digested with BglI followed by Bcl I, and the DNA fragments were purified by agarose gel electrophoresis. This combination of enzymes cleaves polyoma DNA into two fragments, the smaller fragment containing the PyF mutations (8) and the larger fragment covering the rest of the polyoma genome including the ts-25E mutation (23) (24) . The small Bgl I/Bcl I fragment of PyF101 DNA was ligated to the large Bgl I/Bcl I fragment of ts-25E DNA and the resulting ligated DNA was used to infect F9 cells at 32°C by the DEAE-dextran procedure (25) as described (8) . The virus arising from the DNA infection was plaque-purified on 3T6 cells. The plaque-purified virus, designated PyFts-1, contained the 54 bp increase in the Hpa II DNA fragment 3 characteristic of PyF101 DNA and was temperature-sensitive for replication in F9 cells. Mutant stocks were propagated by low moi passage in 3T6 cells. For Fts-1 stocks used in these experiments, the ratio of pfu on 3T6 cells at the restrictive temperature (390C) relative to the permissive temperature (320) was less than i0-5. RESULTS ose gel (Fig. 1) . No viral DNA fragments were detectable in DNA from wild-type-infected F9 cells (Fig. 1, lane e) ; viral DNA fragments were clearly detectable in DNA from F9 cells infected with PyF101 (Fig. 1, lane a) . Msp I digests ofDNA from F9 cells coinfected with wild-type and PyF101 indicated the presence of the Hpa II fragment 3 corresponding to only the mutant DNA (Fig. 1, lanes b-d) . Varying the multiplicity of infection of the coinfecting viruses in F9 cells did not lead to detection of the wild-type Hpa II fragment 3. In the experiment shown in Fig. 1 , the wild-type multiplicity was varied from 25 to 100 pfu per cell; the PyF101 multiplicity was 50 pfu per cell. In other mixed infection experiments (data not shown), multiplicities between 10 and 500 pfu per cell were examined and, in all cases, no wild-type Hpa II fragment 3 was seen. In contrast, mixed infection of mouse 3T6 cells, which are permissive for both wild-type and PyF101, led to the efficient recovery of Proc. Nad Acad. Sci. USA 79 (1982) Proc. NatL Acad. Sci. USA 79 (1982) 1481 both wild-type and mutant Hpa II fragment 3 DNAs, indicating that the presence of PyF101 did not inhibit replication of wildtype virus (Fig. 1, lanes g-i) .
Analysis of
Like PyF101, mutant PyF441 has a point mutation at 69.6 map units. Unlike PyF101, PyF441 DNA contains only the point mutation and has no duplication of sequences encompassing the point mutation. Because replication of wild-type DNA was not rescued by coinfection of F9 cells with PyF101, we wanted to determine whether this cis-acting property was also shared by the point mutant. In the PyF mutants, the wildtype DNA sequence of 5' C-C-A-G-G-G-C-T-A-G 3' is altered to 5' C-C-A-G-G-C-C-T-G-G-3' (8). The mutation creates a new restriction site for the enzyme BstNI (EcoRII) which cleaves at the sequence C-C-T-G-G. The (22) and consists ofa single base change in the coding sequence corresponding to the carboxyterminal region oflarge T antigen (23, 24) . The double mutant, PyFts-1, was temperature sensitive for replication in F9 cells (Fig. 3, lanes o and p) , showing that PyF mutant DNA replication in F9 cells requires large T antigen. Mixed infection of F9 cells at the restrictive temperature with PyFts-1 and PyF441 led to replication of both viral DNAs (Fig.  3, lane r) , indicating that the functional large T antigen of PyF441 rescued replication of PyFts-1 DNA. Note that in F9 cells the ts-25E parent did not replicate efficiently at either the permissive or the restrictive temperature (Fig. 3, lanes i and  j) and that ts-25E replication could not be rescued by coinfection with PyF101 (Fig. 3, lanes k and 1) .
DISCUSSION
One block to productive infection of EC cells by wild-type polyoma virus occurs after virus adsorption and penetration but before viral early protein synthesis (4, 5) . Because with BstNI and fractionated in a 7.5% polyacrylamide gel. The radiolabeled DNA fragments-in the gel were visualized.by autofluorography. cation near and to the late side of the origin of DNA replication (27, 28) . One copy of the tandem duplication apparently is sufficient for virus viability (29, 30) , but deletion of both copies leads to a defect not only in early transcription but also in late transcription and possibly DNA replication (30 (33) and viral (30, 34) 
